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Abstract-Important plasma parameters for reactive ion 
etching processes, such as ion energy and ion flux density, could 
be extracted from a simple RF waveform analysis at the exci- 
tation electrode in a conventional cathode-coupled, parallel- 
plate plasma RIE system. This analysis does not introduce any 
contamination or disturbances to the process. By using the ex- 
tracted plasma parameters, surface damage and Contamination 
in Si substrates induced by reactive ion etching in a S i c 4  plasma 
were investigated. Optimum RIE conditions were then con- 
firmed by studying the relationship between these parameters 
and the etching performance. Furthermore, it was demon- 
strated through the experimental data that low-energy high- 
flux etching is the direction for high performance RIE in future 
ULSI fabrication. 
I. INTRODUCTION 
EACTIVE ion etching (RIE) is one of the most es- R sential process technologies for fabricating small di- 
mension devices of present-day ultra large scale inte- 
grated circuits. The most important issues of RIE 
technology for sub-half-micron device fabrication are the 
suppression of damage generation and contamination dur- 
ing the process [1]-[7] as well as the establishment of 
high accuracy pattern etching with large selectivity [8]- 
[ 1 11. In order to fulfill these requirements, independent 
and high-precision control of plasma parameters such as 
ion energy and ion flux is most essential [12], [13]. In a 
conventional RF cathode-coupled, parallel-plate RIE sys- 
tem, however, such control is almost impossible because 
ion bombardment energy, ion flux and radical density are 
not independent of each other; these plasma parameters 
change simultaneously according to various combinations 
of RF input powers and gas working pressures. Monitor- 
ing these plasma parameters is also required in order to 
control the etching reaction and to suppress the damage 
generation [14], [15]. However, it has been difficult to 
monitor them directly because a probe or supplemented 
apparatus causes contamination and disturbances to the 
plasma. 
The purpose of this paper is to optimize RIE processes 
using conventional equipment by utilizing a newly devel- 
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oped plasma-parameter-extraction method. This method 
has enabled us to in situ monitor the two most important 
parameters, ion bombardment energy and flux, through 
simple measurements without inducing any contamination 
or external disturbances to the plasma. We will introduce 
the "Eion-Flux Parameter Map," which is a very conve- 
nient map representation of the relationship between the 
two extracted plasma parameters (ion energy, ion flux) 
and the externally adjustable parameters (RF input power, 
gas working pressure). Our data has shown that both ion 
bombardment energy and ion flux density increase with 
increasing RF power. However, when the gas working 
pressure is increased, the ion flux increases while the ion 
energy decreases. Next, RIE induced contamination and 
damage in a Sic& glow discharges will be investigated 
using the Ei,,-Flux Parameter Map as a basis for analysis. 
It has been observed that metallic impurities on the order 
of 10"-10'2 cm-2 remain on Si surfaces after RIE at high 
plasma potential. This contamination degrades the dielec- 
tric breakdown characteristics of gate oxide films formed 
on Si surfaces previously etched by RIE. Generation life- 
times of minority carriers decrease on the condition that 
Si surfaces were bombarded by ions having energies 
higher than 400 eV. This contamination or damage can 
be removed by chemically etching the surface of Si by 10 
nm . 
11. THEORETICAL BACKGROUND 
Fig. 1 shows approximate voltage waveforms and cur- 
rent waveforms of an excitation electrode in an RF cath- 
ode-coupled, parallel-plate plasma RIE system. V,+(r) and 
V,(t) are the respective cathode and plasma voltage wave- 
forms. V,, is the RF amplitude of the cathode, and V,, is 
the dc self-bias voltage. The instantaneous voltage of the 
cathode is expressed by 
(1) 
where w is the RF angular frequency. 
The plasma potential must be positive with respect to 
the cathode and grounded walls during the RF cycle. It 
will also be close to both the cathode potential and the 
grounded wall potential for each RF cycle. Z z ( t )  is the 
electron current which flows into the cathode electrode 
through the sheath region, 'and Z t ( r )  is the charging and 
V,+(t) = V,, + V,, sin (ut), V,, < 0 
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Fig. 1 .  Approximate voltage and current waveforms of excitation elec- 
trode. 
discharging current of the sheath capacitance. I :  and 
I ?  are the time-averaged electron and ion currents, re- 
spectively. The electron current I : ( [ )  flows during only a 
small fraction of an RF period near the peak, while the 
charging and discharging current I &t) is approximately 
sinusoidal. 
0 {sin (ut) + I}  
I :  {sin (ut) = l }  
IZ(t) = 
I.(O d = A sin (ut + 4) 
(3) 
where A is the amplitude of displacement current. Since 
ion bombardment to the cathode electrode is almost con- 
tinuous, the ion current can be considered as a constant 
value of I ? .  The net current flowing to the electrode is 
zero in the steady state; thus, the following is obtained: 
time average of the plasma potential V,(t), and e is an 
elementary charge). The time-averaged plasma potential 
Vp depends on the function V,(t) representing time varia- 
tion of plasma potential. Since the precise shape of this 
waveform is not known, it is impossible to extract the 
precise quantity of V, from the cathode voltage wave- 
form. Nevertheless, the peak voltage of the cathode 
(which is expressed as Vdo + Vdc, vdc < 0) can be an 
important measure of the time-averaged plasma potential 
V,, because Vp will increase as the peak voltage increases. 
In this paper we use the well-known expression for Vp as 
a measure of the time-averaged plasma potential: 
Thus, the energy of the ions bombarding the excitation 
electrode is 
Eion = e(vp - Vdc), VdC < 0.  (6) 
(Note: The Vp obtained by (5) is not equal to the actual 
time-averaged plasma potential. It may be larger than the 
actual time-averaged plasma potential if the time variation 
of the plasma potential changes like the dashed line in 
Fig. 1. Vp must be compared with the value of the actual 
plasma potential measured by other methods, such as 
probe measurement, in a strict sense.) Eion and Vp are the 
two most important parameters. Eion is related to the dam- 
age generation in the Si substrates and to the etching re- 
action [ 171-[20]. Vp determines the contamination level 
by affecting the energy of ions bombarding the chamber 
wall which causes sputtering [ 121, [ 131. 
The ion flux densities to the wafer and to the chamber 
wall (i.e., the positive ion current flowing to the excita- 
tion electrode and to the grounded electrode, respectively) 
are additional critical parameters because they also deter- 
mine the level of damage and contamination occurring on 
a wafer. If the collision processes and ionization in the 
sheath region are negligible, then the positive-ion current 
leaving the glow discharge has the form of 
Zion ( Z ) ” * N , . ,  [21], (7) 
where k is Boltzmann’s constant, T, is the electron tem- 
perature, mi is the mass of ion and Ni is the density of ion 
in glow discharge. Equation (7) shows that the positive- 
ion current flowing to the excitation electrode and to the 
grounded walls are both proportional to the ion density N j  
= o  (4) P = ’ lT  {Vdc + Vdo sin (ut)} { I ?  + I : @ )  + I t ( t ) }  dt 
T o  where Tis  the period of the RF cycle. 
If the transit time for an ion to traverse the sheath is 
much less than 1 / f ( f i s  the RF frequency), and collision 
processes in the sheath region are negligible, then all 
grounded surfaces in contact with the discharge will be 
bombarded with ions having energies of eVp (V, is the 
= v,, I T  { I ?  + Z: ( t )  + Z,(t)} dt 
T o  
+ !!& !‘sin (ut) { I ?  + I : @ )  + If@)} dt. (8) T o  
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From (2), (3), (4), and (8), the following relation is de- 
rived: 
P = v,, I T  sin (ut) { I z ( t )  + I t ( t ) }  dt 
T o  
dT 
= v,, [ 1 I:(t) dt 
T o  
1 + A SoT sin (ut) sin (wt + a / 2 )  dt 
(9) 
where dT is a small fraction of an RF period on which the 
electron current I flows. From (4), we obtain 
1: {Zy + I:([) + I f ( t ) >  dt = I Y T  + d T I z  
= 0. (10) 
Combining (9) and (lo), 
(1 1) = -I/ 1”’ rfo i . 
Therefore, I T  is expressed as 
P 
I (12) I ? V  = -- 
vrfo 
which represents the ion flux to the cathode. It can be 
expected that ion flux will increase if the quantity P /  I/,
increases. In this respect, a new parameter called the 
“Flux Parameter” is introduced: 
P 
Flux Parameter = - (13) 
VPP 
where I/, = 2 I/fio. This parameter is not equal to the ion 
flux to the wafer, but it is very conveniently used as a 
measure representing the flux to be demonstrated below. 
In addition, the parameter is also a good measure of the 
ion current density to the chamber wall, thus being related 
to the chamber material contamination caused by sputter- 
ing. 
In this paper, ( 5 ) ,  (6) and (13) are used for extracting 
the ion bombardment energy and Flux Parameter. 
The plasma potential is primarily determined by the 
magnitude of capacitances of the cathode sheath and the 
sheath at the grounded electrode. When the capacitive 
sheath approximation can be applied, the following rela- 
tion is obtained, 
where C, and C, are the sheath capacitances on the cath- 
ode and the grounded electrode, respectively. 
111. EXPERIMENTAL 
Fig. 2 shows the experimental setup of the ultra clean 
RIE system used in this study. The design of this RIE 
system is based on the Ultra Clean Technology concept 
[22]-[24]. The sample wafer (33 mm in diameter) was set 
on the cathode to which a 13.56 MHz RF generator is 
connected through a matching network. The electrode and 
the chamber are made of stainless steel (SUS316L) with 
mirror-polished surfaces to minimize outgassing. The base 
pressure of the etching reactor was on the order of lo-* 
Torr. This RIE system is equipped with a loadlock system 
which consists of a loading chamber and a transfer cham- 
ber. The oil free gas pumping system [25] consists of a 
combination of a magnetically suspended turbo molecular 
pump and a rotary pump. A zeolite trap is provided be- 
tween the turbo molecular pump and the rotary pump to 
remove active species. Haloid gases are effectively re- 
moved in a scrubber between the rotary pump and an ex- 
haust duct. Moreover, N2 gas is continuously poured into 
an outlet of the rotary pump to separate the oil of the ro- 
tary pump from the moisture of the exhaust duct. These 
precautions have made it possible to run the pumping sys- 
tem for two years without any maintenance work. Etching 
gases flow into the reactor from the ultra clean gas deliv- 
ery system [26] through the inlet hole made at the center 
of the anodic electrode. The working gas pressure during 
RIE is controlled by a combination of a standard mass 
flow controller and a conductance valve placed between 
the reactor and the pumping system. In order to minimize 
metallic contamination from the cathodic electrode, the 
cathode is covered with a quartz plate. The typical oper- 
ating conditions were set as follows: RF frequency at 
13.56 MHz; RF power from 23 W to 186 W (measured 
by a power meter of the RF generator with an accuracy 
of +4%);  the etching gas pressure from 5 mTorr to 90 
mTorr; and the etching gas of SiC14 was employed. 
The RF waveforms appearing at the cathode under var- 
ious plasma conditions were observed by an oscilloscope 
(Hewlett Packard 1725A with an accuracy of 312%) using 
a high voltage probe (Tektronix P6015). The frequency 
dependence of the probe output voltage is shown in Fig. 
3. It was found that the probe characteristic was sufficient 
to measure the 13.56 MHz waveforms. 
The damage and contamination caused by RIE were 
evaluated by observing oxidation stacking faults (OSF’s). 
The wafers used in this experiment were boron doped 
p-type Cz (100) wafers with a resistivity of 4-6 Qcm. The 
surfaces of these wafers were etched by RIE for 5 minutes 
under various plasma conditions. Following chemical 
cleaning with (H2S04 + H202) solution and ultrapure 
water rinsing, the wafers were oxidized in a steam am- 
bient at 1100°C for 1 hour. After stripping the oxide 
grown on the surface by buffered HF, the wafers were 
subjected to preferential etching [27] for OSF observa- 
tion. 
Metal impurities of Fe, Cr and Ni remaining on the Si 
surface after RIE were analyzed by TRXFS (Total Re- 
flection X-ray Fluorescence Spectroscopy). 
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Fig. 2.  Experimental setup of ultra clean RIE system. 
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Fig. 3 .  Frequency characteristics of the probe when input waves fed from 
a function generator is sinusoidal. Input frequency is changed 5 MHz to 40 
MHz. 
The integrity of gate oxides grown on silicon surfaces 
subjected to RIE and the minority-carrier generation life- 
times in the silicon substrates were evaluated using MOS 
diodes. Phosphorous doped n-type Cz (100) wafers with 
a resistivity of 4-8 Qcm were etched by RIE for 5 minutes 
under various plasma conditions. All wafers etched by 
RIE were chemically cleaned with (H2S04 + H202) so- 
lution, followed by diluted HF etching and ultrapure water 
rinsing. Some wafers were further cleaned using (NH40H 
+ H202) and/or (HC1 + H202) solutions. Then the wafers 
were dry oxidized to form 30 nm-thick gate oxides at 
1000°C. After the deposition of an approximately 1 pm- 
thick aluminum film by evaporation, the gate electrodes 
were delineated, and the samples were annealed at 450°C 
for 30 minutes in ambient gas of (N2: H2 = 9 :  1). The 
breakdown electric fields of the gate oxides were deter- 
mined from the applied gate voltages at which leak cur- 
rents in the gate oxides exceeded l x A (the gate 
area was 1.3 X lop3 cm2). Minority-carrier generation 
lifetimes were obtained from the Zerbst plots. 
IV. RESULTS AND DISCUSSION 
A. Plasma Parameter Analysis 
Fig. 4 shows the dependence of E,,, on the gas working 
pressure and RF power. Similar plots for the Flux Param- 
eter are shown in Fig. 5. It is known from these figures 
that the increase in the RF power increases both ion bom- 
bardment energy and ion flux density. However, when the 
gas working pressure is increased, the ion flux increases 
while the ion energy is reduced. Fig. 6 shows the de- 
pendence of Vp on the gas working pressure and RF 
power. The plasma potential is influenced by the geome- 
try of the etching chamber as well as that of the discharge 
[28] because the plasma potential is primarily determined 
by the magnitude of the capacitances of the cathode sheath 
and the sheath at the grounded wall. The data indicate that 
the relative magnitude of the capacitances strongly de- 
pends on the gas working pressure. From the experimen- 
tal data of V,, and V,,, the capacitance ratio C,/Cc is 
calculated by using (14). C g / C c  = 13 on the condition of 
77 W, 15 mTorr, and C , / C c  = 3 on the condition of 77 
w, 92 mTorr. From these results, it is found that Ei,,, 
Flux Parameter and Vp are all inter-related and are very 
difficult to control independently in a conventional reac- 
tive ion etching system. This is the reason why the opti- 
mum RIE condition is difficult to find. 
By combining Figs. 4 and 5, Fig. 7 is derived. This 
figure shows the relationship between the extracted plasma 
parameters (Eion, Flux Parameter) and the externally ad- 
justable parameters (RF power, gas working pressure) on 
what we call the “E,,-Flux Parameter Map.” 
The values of the plasma potential Vp obtained from ( 5 )  
can also be drawn on this map if necessary. If the param- 
eters representing etching performances, such as the etch 
rate, the selectivity and the device characteristics, are 
plotted on this map, it will greatly aid in understanding 
the etching process occurring in the RIE system. This is 
because all these etching performances are directly cor- 
related to the principal plasma parameters, Eion and flux. 
Therefore we can understand the etching reaction in terms 
of parameters that are more physically meaningful than 
RF powers and gas pressures. Once an optimum condition 
is found on this map, then the external parameters can be 
also found on this map. The results of such an analysis 
are presented below. 
B. Contamination and Damage Evaluation 
Fig. 8 shows the dependence of OSF generation on the 
extracted plasma parameters. The relationship between the 
OSF density and the product of Eion and Flux Parameter 
is shown in Fig. 9. It is interesting to see that the OSF 
generation occurs when the product of Eion and Flux Pa- 
rameter exceeds a certain threshold (which is 42 in the 
experiment). In the region where the product of Eion and 
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Fig. 4. Effect of increasing working gas pressure on E,,, when RF input 
power excites SiCI, plasma. RF input power is changed 33 W to 184 W. 
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PRESSURE (rnTorr) 
Fig. 5. Effect of increasing working gas pressure on Flux Parameter when 
RF input power excites SiCI, plasma RF input power is changed 33 W to 
184 W. 
100 1 1 
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Fig. 6 .  Effect of increasing working gas pressure on V,, when RF input 
power excites SiCI, plasma. RF input power is changed 33 W to 184 W. 
Flux Parameter is larger than the threshold value, the OSF 
density increases with the increasing value of the product. 
The results of TRXFS analysis for Fe, Cr and Ni con- 
tamination on Si wafers after RIE are demonstrated in 
Figs. 10, 11, and 12, respectively. Samples were not 
cleaned by a wet cleaning process before this TRXFS 
analysis. Concentrations of Fe, Cr and Ni increase with 
increasing Vp and Flux Parameter at the same value of 
EiOn. The data indicate that ions bombarding the grounded 
wall with an energy of Vp has caused the sputtering of 
M--- 1 8 6 W  
0 100 200 300 400 50C 
Eion ( eV ) 
Fig. 7. Relationship between the extracted plasma parameters (E,,,,, Flux 
Parameter) and the externally adjustable parameters (RF input power, gas 
working pressure). We call it “E,,,,-Flux Parameter Map.” 
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Fig. 8. Distribution of OSF density on E,,,,-Flux Parameter Map. The value 
of plasma potential V,, is also shown on the map. Si wafer is etched for 5 
minutes in using SiCI, and is cleaned twice with (H,SO, + H20,) solution 
after RIE. 
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Fig. 9. Effect of increasing the product of E,,,, and Flux Parameter on OSF 
density. 
chamber material, thus contaminating the wafer with Fe, 
Cr or Ni. Therefore, it is essential to keep Vp below the 
sputtering threshold of the chamber material. At the same 
value of Vp,  however, only the Fe and Cr concentrations 
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Fig. 10. Distribution of Fe concentration analyzed by TRXFS on E,,,,-Flux 
Parameter Map. Si wafer is etched for 5 minutes in using SiCI,. Samples 
were not cleaned by wet chemical cleaning process before this TRXFS 
analysis. 
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Fig. 1 1 .  Distribution of Cr concentration analyzed by TRXFS on E,,,,-Flux 
Parameter Map. Si wafer is etched for 5 minutes in using SiCI,. Samples 
were not cleaned by wet chemical cleaning process before this TRXFS 
analysis. 
decrease when Eion is increased. The vapor pressures of 
metal chlorides and silicon chlorides are shown in Fig. 
13. This figure shows that Si and Fe are etched more eas- 
ily by C1 radicals than Ni or Cu. Fig. 14 shows the Si etch 
rate which increases with increasing Eion and Flux Param- 
eter; the reaction of Si and C1 radicals is enhanced when 
the ion bombarding energy and flux are high. Thus, metal 
impurities deposited on the Si surface are re-sputtered or 
etched away by ions having high energies, which explains 
why the metal concentration, such as Fe, decreases with 
increasing Eion at the same value of Vp. However, from 
the data in Figs. 8 and 9, we know that the OSF genera- 
tion strongly depends on E,,, and Flux Parameter. Figs. 
8 and 12 indicate a good correlation exists between the 
OSF density and the Ni concentration. Fig. 15 shows the 
etching time dependence of impurity concentrations. The 
Fe concentration decreases by increasing the etching time. 
On the other hand, Ni concentration increases with in- 
creasing etching time. The data indicates that Fe depos- 
114 
Fig. 12. Distribution of Ni concentration analyzed by TRXFS on E,,,,-Flux 
Parameter Map. Si wafer is etched for 5 minutes in using SiCI,. Samples 
were not cleaned by wet chemical cleaning process before this TRXFS 
analysis. 
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I 
I 
1 1  I / ,  
1 2 3 4 
1000/TEMPERATURE(K) 
Fig. 13. The vapor pressure of chlorides as a function of reciprocal tem- 
perature. 
ited on the Si surface is gradually cleaned by C1 etching. 
However, such cleaning effect does not occur for Ni be- 
cause the vapor pressure is much lower than that of Fe. 
In Fig. 16, the average breakdown-field of gate-oxide 
is plotted on the E,,,-Flux Parameter Map. Typical break- 
down histograms are also shown in the figure. Measure- 
ments were performed on MOS diodes formed on Si sur- 
faces previously etched by RIE for 5 minutes. The 
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Fig. 14. Distribution of Si etching rate on E,,,,-Flux Parameter Map by 
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Fig. 15. Etching time dependence of impurity concentration. Fe concen- 
tration decreases by increasing the etching time while Ni concentration in- 
creases with increasing etching time. 
generation lifetimes of minority carriers are also shown 
on the E,,,-Flux Parameter Map in Fig. 17. By superim- 
posing the data of Figs. 16 and 17 in Fig. 18, it is con- 
cluded that the device characteristics of MOS diodes can 
be classified into 3 categories: A, B and C.  The gate-ox- 
ide breakdown field and the generation lifetime are both 
large in category A. Conversely, the gate-oxide break- 
down-field characteristics are degraded while the gener- 
ation lifetime is relatively long in category B. In category 
C ,  generation lifetime is extremely short in spite of the 
large gate-oxide breakdown field. By combining the re- 
sults in Figs. 10, 11, and 16, it is found that the gate- 
oxide breakdown electric field decreases with increasing 
Fe and Cr concentration in the region on the E,,,-Flux 
Parameter Map where category B occurs. This result in- 
dicates that metal impurities such as Fe and Cr remaining 
on the Si surface after post-RIE chemical cleaning by 
(H2S04 + H202) solution are taken into the gate oxide 
film during thermal oxidation, which degrades the gate 
Refe rence  E 2 J! 
9 .97MV/cm g 2 13 .SI' ," 
z a  00 
' _ I .  . .& 
0 100 200 300400 500 ' i i p  = 2 5 v Eion ( e V )  
Fig. 16. The average of gate-oxide breakdown-field and histograms. The 
gate-oxide breakdown-electric field decreases with increasing Fe concen- 
tration shown in Fig. 10. 
Ref erence:900psec 
100 200 300400 500 
Eion ( e V )  Vp=25V 
Fig. 17. The generation lifetimes of minority carriers. The generation life- 
time decreases at large value of E,,,, (E,,,, > 400 eV). 
oxide integrity. In category C ,  the generation lifetime de- 
creases at large values of E,,, (Eion > 400 eV). Ni con- 
centration is also increased in this region as shown in Fig. 
12. 
Fig. 19 demonstrates the improvements in the gate-ox- 
ide breakdown-field characteristics of category B samples 
by changing the cleaning method after RIE. For category 
B samples, it was found that (H2S04 + H202) cleaning is 
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Fig. 18. Combining the results in Figs. 16 and 17. The device character- 
istics of  MOS diode can divided into 3 categories A,  B and C .  
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Fig. 19. The changing of the gate-oxide breakdown-field characteristics in 
category B with several cleaning method after RIE. “SH, dilHF” repre- 
sents the chemical cleaning with (H2S04 + H202) solution, followed by 
diluted HF etching. 
not effective for removing the metal impurities deposited 
on Si surface. On the other hand, (HCl + H202) cleaning 
resulted in a slight improvements. The best results proven 
by an increase in the gate-oxide breakdown field, were 
obtained with (NH40H + H202) cleaning. Improvements 
in the generation lifetimes for category C samples by wet 
chemical cleaning are also shown in Fig. 20. In the case 
of category C, both (H2SO4 + H202) and (HCl + H202) 
cleaning were not effective for increasing generation life- 
time, while (NH40H + H202) cleaning was very effec- 
’ I 
II_ 
-I 600- 186W 7 5 m T o r r  
Z Eion=415eV ,- 400- Flux Parameter  
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CLEANING METHODS 
Fig. 20. The changing of the generation lifetimes in category C with sev- 
eral cleaning method after RIE. 
tive. Only (NH40H + H202) solution can etch the Si sur- 
face (to the depth of about 10 nm in this experiment). 
Figure 21 shows the effect of wet cleaning after RIE on 
impurity concentrations in category C samples. In cate- 
gory C, Fe and Cr impurities after RIE are less than the 
detection limit of TRXFS due to the cleaning effect of 
high energy ion bombardment. C1 is effectively removed 
by (H2SO4 + H202) cleaning while Ni is difficult to re- 
move even by the (HC1 + H202) cleaning or the (NH40H 
+ H202) cleaning. From the results in Figs. 20 and 21, 
it is speculated that both crystalline defects generated in 
the Si substrate by high energy ion bombardment and Ni 
contamination are the main reason for the degradation of 
the generation lifetime. These defects will generate OSF 
or enhance the influence of the metal impurities on the 
OSF generation. The mechanisms of damage and contam- 
ination generation for categories B and C are speculated 
as illustrated in Figs. 22 and 23, respectively. In category 
B, metal impurities such as Fe and Cr are deposited on 
the Si wafer surface during the RIE process by the sput- 
tering of chamber materials due to high plasma potential. 
Some of these metal impurities are knocked into the Si- 
surface-layer by high energy ion bombardment. In cate- 
gory C,  defects generated in the surface region are dis- 
tributed deeper than in category B because ion energies 
are much higher in the region. In order to remove these 
damages, Si surface layers must be etched by (NH40H + 
H202) cleaning. 
Fig. 24 shows the region of optimum process condi- 
tions which was determined by considering the Si etch 
rate ( > 50 nm /min), Si to S O 2  etching selectivity ( > lo), 
OSF generation limit, gate oxide breakdown characteris- 
tics ( Vp < 75 V) and generation lifetime (> 800 psec). 
The result indicates that this E,,-Flux Parameter Map is 
very advantageous in determining the optimum process 
conditions. Both high selectivity and a high etch rate will 
be achieved using a high ion flux density and low ion en- 
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Fig 21 The effect of wet chemical cleaning after RIE in category C 
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Fig. 22. Mechanism of contamination generation in category B. 
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Fig. 23. Mechanism of damage generation in category C 
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Fig. 24. The optimum process condition area which was determined by 
considering Si etching rate (>50 nm/min), Si to SiOz etching selectivity 
(> 10). OSF generation limit, gate-oxide breakdown characteristics (V,, < 
75 V) and generation lifetime ( > 800 psec). 
ergy. Due to the requirement of extending the mean free 
path of neutral radicals and ions in microfabrication, high 
flux density should not be achieved by increasing the gas 
working pressure. In the conventional RIE equipment, 
however, it is difficult to achieve low ion bombardment 
energy and high ion flux density simultaneously at low 
gas working pressures such as shown in Fig. 7. There- 
fore, it is demonstrated that low-energy , high-flux etching 
with low plasma potential and low gas working pressure 
is the direction toward establishing high performance RIE 
technology. 
V. CONCLUSION 
Important plasma parameters such as ion energy and 
ion flux density were extracted from a simple RF wave- 
form analysis at the excitation electrode in a conventional 
cathode-coupled, parallel-plate plasma RIE system. This 
analysis does not introduce any contamination or disturb- 
ances to the process. The "E,,,-Flux Parameter Map," 
which shows the relationship between the extracted 
plasma parameters and the externally adjustable parame- 
ters (RF input power, gas working pressure), has been 
newly introduced for understanding the etching reaction, 
damage generation and surface contamination. In a SiCl, 
glow discharge, both ion bombardment energy and ion 
flux density increase when the RF input power increases. 
When the gas working pressure is increased, however, the 
ion flux increases while the ion energy is reduced. RIE 
induced contamination and damages in a SiC1, glow dis- 
charge have been investigated based on this map. Metallic 
impurities of the order of 10"-10'2 remain on Si 
surfaces after RIE at high plasma potential. This contam- 
ination degrades the dielectric breakdown characteristics 
of gate oxide films formed on Si surfaces etched by RIE 
followed by (H2SO4 f H202)  cleaning. Generation life- 
times of minority carriers in the Si substrate decrease from 
the bombardment of ions having energies of 400-500 eV. 
The contamination and damage can be removed by wet 
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etching a 10 nm-thick Si-surface-layer using a (NH40H 
+ ~ ~ 0 ~ )  solution. ~h~ cleaning effect of high energy ion 
bombardment was confirmed by the reduction of Fe con- 
1141 K. Kohler, J .  W. Coburn, D. E. Home, and E. Kay, ”Plasma poten- 
tials of 13.56 MHz rf argon glow discharges in a planar system,’’ J. 
Appl. Phys., vol. 57, no. 1, pp. 59, 1985. 
[ IS]  J .  w .  Coburn and E. Kay, “Positive-ion bombardment of substrates 
tamination. The optimum RIE conditions to present low 
metallic impurity concentration and low defect density 
along with a high etch rate and high selectivity were found 
by studying the relationship between these extracted 
plasma parameters and etching performances such as etch 
rate, selectivity, device damage and contamination using 
the “E,,-Flux Parameter Map.” 
It is concluded that low-energy, high-flux etching with 
low plasma potential and low gas working pressure is the 
direction toward establishing high performance RIE tech- 
nology. 
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